Shock compression of ilmenite by King, David A. & Ahrens, Thomas J.
VOL. 81, NO. 5 JOURNAL OF GEOPHYSICAL RESEARCH FEBRUARY 10, 1976 
Shock Compression of Ilmenite 
DAVID A. KING AND THOMAS J. AHRENS 
Seismological Laboratory, California Institute of T--ttnology, Pa,•"dena, California 91125 
Single- and reflected-shock compression measurements on single-crystal i menite (FeTiO3) to pressures 
of 635 and 930 kbar, respectively, demonstrate anomalously large compressions above 4320 kbar and 
imply the onset of one or more major phase changes at this pressure level which continue to occur to at 
least 4600 kbar. The phase change onset pressure is considerably above the calculated upper bound of 
193 kbar for the stability of ilmenite with respect to breakdown into wustite and rutile. Over the 300- to 
600-kbar range, samples shocked along the c axis are consistently more compressible than those shocked 
along the perpendicular direction; at a given density the Hugoniot curves differ by 40 kbar. The observed 
density (6.25 g/cm 3) of the highest-pressure single-shock state implies that the shock-induced high- 
pressure phase has a zero-pressure density of at least 5.4 g/cm a, or a density 13% greater than that of 
ilmenite. The reflected-shock data have a larger experimental uncertainty but indicate an even greater 
zero-pressure density for the high-pressure phase. The large density increase inferred restricts he possible 
nature of the high-pressure phase. These data are consistent with the 1300-kbar datum reported by 
Simakov et al. (1974) and with the disproportionment of ilmenite into mixed oxides in the rock salt (FeO) 
and fluorite (TiO:) phases as observed (Liu, 1975) in static recovery experiments. 
INTRODUCTION 
The effect of shock compression on ilmenite i• of impor- 
tance on the moon because of the apparent ease with which 
characteristic deformation elements are induced by meteorite 
impact and because this mineral is the isotype of the high- 
pressure phase of the pyroxene component of the earth's 
mantle. Although ilmenite is only a minor rock-forming min- 
eral, making up some 10% of certain mare basalts, character- 
istic shock-induced structural damage results from shocks with 
amplitudes as low as •75 kbar [Sclar et al., 1973; Minkin and 
Chao, 1971 ]. Furthermore, the observation of pseudobrookite 
and rutile in the heavily shocked Ries crater glass [El Goresy et 
al., 1968] indicates that ilmenite may break down into oxides 
as the result of shock-induced high-temperature oxidation. 
In addition to simple breakdown into oxides a series of 
structures into which pyroxene and other A+2B+408 com- 
pounds may transform under shock, static high pressure, or 
lower mantle conditions have been investigated by Ringwood 
[1970] and Reid and Ringwood [1969, 1975]. The research 
which this group has carried out on Ge +4 and Ti +• analog 
compounds suggests that the following possible polymorphic 
sequence occurs with increasing pressure: pyroxene-gar- 
net(majorite)-ilmenite-perovskite. The high-pressure Hugo- 
niot data for pyroxenes and garnet [McQueen et al., 1967b; 
Ahrens and Gaffney, 1971; Graham and Ahrens, 1973] and their 
interpretation both in terms of these polymorphs and in some 
cases in terms of the possible transformation of Fe +2 from the 
high-spin to low-spin electronic configuration have recently 
been reveiwed by Davies and Gaffney [1973]. Although the 
pyroxene data suggest hat this mineral undergoes successive 
transformation through the above series, the association of 
density-pressure states along the Hugoniot with specific poly- 
morphic forms, other than pyroxene itself, is still unclear. 
Liu et al. [1974] have reported high-pressure X ray diffrac- 
tion data for magnesian ilmenite (II•6Gk4•Hmxs) to 275 kbar at 
room temperature, a finding which supplements the earlier 
approximate bulk modulus measured for ilmenite (1.8 Mbar) 
by Bridgman [in Birch, 1966]. Recently, Simakov et al. [1974] 
have also reported several Hugoniot data extending to 1.3 
Mbar for an ilmenite with an initial density of 4.75 g/cm a, and 
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Liu [1975] has carried out two diamond-anvil laser recovery 
experiments (from •140 and •250 kbar) on a magnesian 
ilmenite having a composition similar to that of thee samples 
previously studied. 
The present study of the shock compression of ilmenite is 
motivated both by a need to provide a Hugoniot curve for 
interpreting the impact effects on this mineral and by a need to 
provide new data on the possible phase changes of high-pres- 
sure forms of pyroxene. 
EXPERIMENTS 
A series of •4-mm-thick, • 15-mm-diameter samples were 
cut, both parallel and perpendicular to the c axis, from a 
partially twinned single crystal of ilmenite (from Blafjell, Nor- 
way) obtained from Inge Bryhni (curator of the Mineralogical- 
Ge61ogical Museum in Oslo). Although microscopic exam- 
ination revealed several percent of exsolved hematite, micro- 
probe analysis (by A. A. Chodos of the California Institute of 
Technology) of the ilmenite phase gave a stoichiometry corre- 
sponding to (Feo.98, Mno.o7Tio.9•)O•. Macroscopic specimen 
densities varied from 4.73 to 4.80 g/cm 3 (Table 1), values 
which are close to the density of ilmenite (4.79 g/cm3). 
The Hugoniot data were obtained by projectile impact with 
2.5-mm-thick plates of tungsten, 2024 aluminum, and tan- 
talum, and the resultant shock and free surface velocity were 
recorded by a streak camera [Ahrens et al., 1971]. Standard 
Hugoniots for the driver and flyer plates are taken from work 
of McQueen et al. [1970]. In most cases the Velocity of a•single 
shock through the specimen and the corresponding ilmenite 
free surface velocity were determined. However, in later ex- 
periments, in an attempt to reach higher pressures, the initial 
shock wave was reflected back through the sample by a flat 
tungsten plate (3 mm thick) placed against he upper specimen 
surface (Figures 1 and 2). In these experiments (Table 2) the 
shock state corresponding to the direct wave was determined 
as it had been before, while the reflected-shock state was com- 
puted from the shock velocity and/or the free surface velocity 
of the upper tungsten plate. Although the reflected-shock data 
show a large amount of scatter (Figure 3), the data obtained 
from the tungsten shock velocity and the tungsten free surface 
measurement are consistent. This indicates that the flyer plates 
used in these experiments were sufficiently thick (3.75 mm) 
931 
932 KING AND AHRENS.' SHOCK COMPRESSION OF ILMENITE 
TABLE 1. Hugoniot 
Shot 
Projectile Velocity, Driver and Flyer Initial Density, Shock Velocity, 
km/s Plate Material g/cm • km/s 
306 
307 
310 
308 
309 
324 
316 
326 
320 
321 
334 
0.919 4- 0.015 
1. 118 4- 0.015 
1.307 4- 0.016 
1.727 4- 0.019 
2.310 4- 0.026 
1.274 4- 0.015 
1.557 4- 0.019 
2.024 4- 0.020 
2.160 4- 0.030 
2.46 4- 0.040 
1.922 4- 0.015 
2024 aluminum 
2024 aluminum 
polycrystalline tantalum 
polycrystalline tantalum 
polycrystalline tantalum 
polycrystalline tantalum 
polycrystalline tantalum 
polycrystalline tungsten 
polycrystalline tungsten 
polycrystalline tungsten 
polycrystalline tungsten 
4.749 6.288 q- O. 11 
4.797 7. 527 4- O. 08 
4.785 7.90 4- 0.10 
4.785 7.734 4- 0.06 
4.773 7.643 4- 0.06 
4.766 7.296 4- O. 04 
4.774 7.239 4- O. 03 
4.766 7.295 4- O. 04 
4.761 7.323 4- 0.04 
4.754 7.462 _-'.: 0.010 
4.765 7.105 q- 0.037 
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Fig. 1. Cross-sectional view of reflected-shock experiment. 
that a rarefaction wave which propagated forward from the 
rear flyer plate surface did not attenuate the shock propagat- 
ing through the sample and tungsten reflectors prior to ar- 
rival at the free surface. 
RESULTS 
The results given in Tables I and 2 and Figure 3 are striking 
in two respects. They indicate both very large compression 
above 300 kbar and a marked anisotropy of compression 
which remains to pressures of 565 kbar. Although the four 
Hugoniot data points obtained below 320 kbar indicate a 
slightly less compressible behavior than was indicated by Liu 
et al. [1974] (for magnesian ilmenite), our datum point at 290 
kbar lies close to the X ray data. The large compression in- 
ferred for states obtained between 320 and 650 kbar indicates 
the occurrence of one or more major phase changes. The 
reflected-shock data which have large experimental uncer- 
tainties may tentatively be considered to be approximately 
representative of the properties of the high-pressure phase 
(discussed below). 
For the c orientation, Table 1 demonstrates that the shock 
velocity remains nearly constant over a range corresponding to 
pressures of 300-600 kbar. The three data points for the orien- 
tation perpendicular to the c axis in this pressure range appear 
to show a slight increase in shock velocity with increasing 
projectile velocity. This finding implies shock instability, 
which was not clearly observed. However, for shot 308 (final 
shock pressure, 417 kbar) both the shock arrival mirrors and 
the free surface velocity profiles observed with the inclined 
mirror indicated the presence of a precursor shock traveling 
about 0.2 km/s slower than that associated with the final 
shock state. However, accounting for an intermediate shock 
state did not change our calculation of the final pressure by an 
amount greater than the indicated uncertainty. 
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Fig. 2. Photograph of exp, erimental assembly as seen through streak camera and resultant streak record 
Data for Ilmenite 
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Particle Velocity, Shock Pressure, 
km/s kbar Density, g/cm 3 
Free Surface Velocity, 
km/s 
Orientation of Shock 
Direction to c Axes 
0.332 + 0.010 99 + 3 
0.390 + 0.010 140 + 3 
0.837 + 0.009 316 + 5 
1.127 4- 0.011 417 4- 6 
1.535 .-I- O. 024 564 + 7 
0.834 + 0.010 290 + 5 
1.032 4- 0.012 357 4- 4 
1.464 4- 0.013 509 4- 4 
1.588 + 0.019 537 + 6 
1.780 + 0.028 633 + 10 
1.45 4- 0.015 473 4- 3 
5.013 4- 0.01 perpendicular 
5.059 4- 0.01 0.51 4- 0.1 perpendicular 
5.352 4- 0.008 1.70 4- 0.07 perpendicular 
5.601 4- 0.009 perpendicular 
5.973 4- 0.010 2.32 4- 0.12 perpendicular 
5.381 4- 0.008 parallel 
5.568 4- 0.008 1.81 4- 0.10 parallel 
5.963 4- 0.009 parallel 
6.020 4- 0.013 3.10 4- 0.20 parallel 
6.246 4- 0.020 3.27 4- 0.12 parallel 
5.930 4- 0.009 parallel 
A very clear difference exists between the shock velocities 
observed in the two orientations in the presumed mixed phase 
region, which corresponds to a shock pressure difference of 
about 40 kbar. This difference in the behavior of the two 
orientations is also reflected in the free surface velocities ur in 
terms of particle velocity u•, in the mixed phase region (Table 
1). For pressures of 350 kbar or greater, 
ur = 1.8u. to 1.9u. (1) 
for the c orientation and 
ut = 1.4u•, to 1.6u•, (2) 
for the perpendicular to c orientation approximate our data. 
Were compression completely reversible, ut should, of course, 
be approximately twice u•,. Relation (2) implies that some of 
the ilmenite which has transformed remains in the high-pres- 
sure phase (hpp) upon rarefaction for this orientation and 
hence has expanded to less than the original volume upon 
rarefaction. On the other hand, more of the material has re- 
verted back to the original phase in the other orientation. The 
free surface velocities thus tentatively suggest hat transforma- 
tion to a high-pressure phase and reversion back to a low- 
pressure phase occur preferentially for shocks along the c axis. 
Another interpretation of these results might be proffered on 
the assumption that the stresses are, contrary to the usual 
assumption, far from being nearly hydrostatic. (Only the 
shock stress perpendicular to the shock front and not, in fact, 
the hydrostatic pressure can be derived from these experi- 
ments.) Hydrostaticity appears likely, however, for pressures 
much above the Hugoniot elastic limit, which for a mechani- 
cally weak crystal such as FeTiO8 may be only a few kilobars. 
We note that in the case of sodium chloride, which is certainly 
a very weak crystal mechanically, the H ugoniot data [Fritz et 
al., 1971] for the single crystal indicate that the transformation 
from the NaCl-type to the CsCl-type structure occurs more 
readily for compression along the (l l l) direction than along 
the (100) directicn. In this case the differences inthe Hugoniot, 
as measured by shocks propagating along different directions, 
TABLE 2a. Shock Data for Ilmenite in the First-Shock State 
Shot* 
Projectile Initial Shock Particle Shock 
Velocity, Density, Velocity, Velocity, Pressure, 
km/s g/cm 3 km/s km/s kbar 
Density, 
g/cm • 
347 2.026 4- O. 02 4.746 7. 309 4- 0.05 
349 2.00 4- 0.03 4.754 7.374 4- 0.27 
328 2.362 4- 0.02 4.733 7.250 4- 0.10 
348 2.013 4- 0.03 4.772 7.247 4- 0.03 
1.4654-0.015 508 4-7 
1.46 4- 0.03 505 4- 15 
1.721 4- 0.018 590 4- 6 
1. 457 4- 0.03 504 4- 13 
5.936 4- 0.014 
5.928 4- 0.030 
6.206 4- 0.016 
5.973 4- 0.02 
* Shock direction was parallel to c axis; flyer plate was 3.75 mm thick. 
TABLE 2b. Ilmenite Reflected-Shock State From Tungsten Shock Velocity 
Tungsten Shock Particle Shock Density, Ilmenite Shock 
Shot* Velocity, km/s Velocity, km/s Pressure, kbar g/cm a Velocity, km/s 
347 4.911 4- 0.012 0.735 4- 0.23 695 4- 25 7.140 4- 0.26 4.32 4- 0.7 
349 • 5. 038 4- 0.11 0. 831 4- 0.80 807 4- 90 6.431 4- 0.33 8.1 4- 2.7 
328 5.18 4- 0.020 0.935 4- 0.024 930 4- 30 6.997 4- 0.14 6.96 4- 0.8 
* Shock direction was parallel to c axis; flyer plate was 3.75 mm thick. 
• Less certain data. 
TABLE 2c. Ilmenite Reflected-Shock State From Tungsten Free Surface Velocity 
Tungsten 
Free Surface Particle Shock Density, Ilmenite Shock 
Shot* Velocity, km/s ' Velocity, km/s Pressure, kbar g/cm a Velocity, km/s 
347 1.424 4- 0.038 0.712 4- 0.19 670 4- 20 7.468 4- 0.26 3.62 4- 0.6 
349 1.476 4- 0.040 0.738 4- 0.20 699 4- 22 7.042 4- 0.19 4.56 4- 0.7 
348 1.489 4- 0.04 0.745 4- 0.2 711 4- 22 6.995 4- 0.25 3.41 4- 0.6 
* Shock direction was parallel to c axis; flyer plate was 3.75 mm thick. 
934 KING AND AHRENS: SHOCK COMPRESSION OF ILMENITE 
I•OO I 
12oo - 
IlOO - 
i• SHOCK DATA Ilmenite - 
9001 • fl d ø Free surface measurements 
• 800 ! \ \ shocks • o Shock velocity ,,• \ \ v SIMAKOV et ol.(1974) - 
700 -- -- 
-• 600- - 
'- \ •,•\ Single 
X TiO• ', 
+ •x ( compress•o• 
',,XMoTi% 
• (Low Spin, Fe ++) 
5OO 
400 
300 
200 
I00 
-- \ ILMENITE '•',\ 
\ •. PEROVSKITE , ","• / (1975) • LIU (1975) o , 1 0.13 0.14 0.15 016 0.17 0.18 0.19 0.20 0.21 
Specific volume, cm3/gm 
Fig. 3. Shock wave data for single-crystal ilmenite. Results of 
Simakov et al. [1974] are also plotted. The static compression data for 
magnesian ilmenite (specific volume, 0.22396 cmS/g) of Liu et al. 
[1974] and the mixed oxide curve calculated by Liu [1975] have been 
scaled to the zero-pressure specific volume of ilmenite. Reflected- 
shock data obtained by using the tungsten reflector plate shock veloc- 
ity and the tungsten reflector plate free surface velocity are plotted 
separately. 
occur only in the transformation interval--in the so-called 
mixed phase regime. 
The data for magnesian ilmenite [Liu et al., 1974] demon- 
strate that under presumed hydrostatic onditions this mineral 
is nearly twice as compressible along the c axis as it is along the 
a axis. Although this result superficially looks like ours, it does 
not imply that large stress differences are supportable under 
shock conditions. M oreover, no phase changes are reported in 
the X ray patterns to 275 kbar. 
In an attempt to determine the pressure-density data for a 
presumed high-pressure phase above the mixed phase region, 
which apparently extends to at least 600 kbar, the reflection 
method was employed. This technique greatly increases the 
experimental uncertainty, primarily because the tungsten Hu- 
goniot [McQueen et al., 1970] provides large pressure changes 
for slight changes in tungsten shock or free surface velocity. 
This uncertainty is then magnified by the subtraction of the 
first-shock pressure from the reflected-shock pressure, as is 
done in calculating the final density. Finally, we note that an 
overestimate of the initial-shock pressure in the ilmenite could 
occur if a precursor shock event went undetected. This could 
give rise to a serious overestimate of the compression arising 
from the reflected shock. We do not believe that this is the 
case, although the data are not complete enough to derive an 
equation of state for the higher-pressure phase. 
DISCUSSION 
, 
Both the observation that the shock velocity remains nearly 
constant over a wide pressure interval and the observation that 
the volumes above 300 kbar are less than the high-pressure X 
ray results for magnesian ilmenite imply that above a pressure 
of 290-415 kbar, one or more shock-induced phase changes 
take place. These phase changes may go to completion in the 
•630- to •700-kbar range of the reflected-shock Hugoniot. 
Because of the lack of sufficient data to calculate the Grunei- 
sen parameter a formal shock-temperature calculation cannot 
be meaningfully carried out, even for the low-pressure ilmenite 
phase. However, some upper pressure bound on the stability 
of ilmenite can be obtained by calculating the phase line for 
the following reaction: 
FeTiOa (ilmenite.) -• TiO2 (rutile) + FeO (wustite) (3) 
for which thermochemical and equation of state data are avail- 
able [Robie and Waldbaum, 1968]. By using the equations 
of state of TiO2 [Chung and Simmons, 1969], FeO [Akimoto, 
1972], and MgTiO8 [Liu et al., 1974] to calculate the change in 
free energy at 298øK [Ahrens and Syono, 1967] a transition 
pressure of 193 kbar is obtained. The slope of the phase line is 
-18.1 øC/kbar (assumed to be straight and equal to AV/AS). 
A similar calculation for MgTiO8 yields a transition pressure 
of 301 kbar (just above the range of the X ray experiments) 
and a slope of -34.4ø/kbar. These pressures are believed to be 
the highest under which ilmenite can remain thermodynam- 
ically stable, in the sense that transition to an intervening 
phase (whose free energy is unknown) may occur at a lower 
pressure. 
The observation of a major shock-induced phase change, 
starting at •200 kbar, in rutile [McQueen et al., 1967a; Linde 
and DeCarli, 1969; AFtschuler et al., 1971] and the observa- 
tions of Liu [1975] for magnesian ilmenite wherein a pe- 
rovskite-structured (Fe, Mg)TiOa was recovered from •140 
kbar and the assemblage (Fe, Mg)O (halite) and TiO2 (fluor- 
ite) was recovered from •250 kbar suggest hat these phase 
changes may be occurring in the shock experiments on ilmen- 
ite. Earlier suggestions [Ahrens et al., 1969] that the high- 
pressure phase of rutile has the fluorite structure are also 
supported by Liu's observation. 
Using the •200-kbar value for the onset of the transition 
TiO: (rutile) -• TiO: (fluorite) (4) 
and the density of 6.00 g/cm a obtained by Liu for TiO• (fluor- 
ite) implies a difference in free energy of •34.5 kcal/mol for 
reaction (4). When this value is in turn combined [e.g., Ahrens 
and Syono, 1967] with the free energies of ilmenite and wustite, 
the reaction 
FeTiOs (ilmenite) -• TiO• (fluorite) + FeO (halite) (5) 
is predicted to occur at •250 kbar at room temperature. 
It is very likely, however, that as in the case of silicates, 
reaction rates are extremely slow at temperatures below sev- 
eral hundred degrees and that the effective transition pressure, 
particularly in the shock case, is controlled by the shock tem- 
perature and is largely a thermally activated reaction process. 
Some bounds on the magnitude and equivalent zero-pressure 
density increase of the phase change indicated by the present 
data may be obtained by fitting the experimental points at 633 
and 930 kbar to Birch-Murnaghan equations with a trial value 
of bulk modulus of 1.8 Mbar and •K/•P - 4. Zero-pressure 
densities for a high-pressure phase of 4.•99 and 5.25 g/cm •
corresponding to increases of 4 and 9%, respectively, are in- 
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TABLE 3. Estimated Postshock Temperature for Ilmenite 
Shocked Perpendicular to (001) 
, 
Shock Pressure, Specific Volume, Postshock Temperature 
kbar cm 3/g Increase, øC 
104 0.200 1.8 
176 0.195 8 
263 0.190 29 
349 0.185 47 
ferred. Increasing the trial value of bulk modulus to a higher 
value will only increase these density values. 
The total volume changes in the perovskite and mixed oxide 
products recovered by Liu were 8.0 and 20.2% by volume, 
respectively. The disproportionment involves a 29.2% volume 
change for the TiO2 rutile to fluorite phase change. Using the 
shock data of McQueen et al. [1967a] and/tl'tshuler et al. [1971] 
for TiO2 plus his own zero-pressure volume for the hpp TiO:, 
Liu calculated the bulk modulus of the mixed oxide phase to 
be K0 = 2.48 q- 0.25 Mbar, where it is assumed that K0' = 4-5. 
As is shown in Figure 3, our reflected shock data are consistent 
with the 1300-kbar datum of Sirnakoo et al. [1974] and agree 
with the expected densities for this mixed oxide phase. How- 
ever, a separate perovskite phase cannot be discerned in the 
mixed phase region, possibly because this transformation is 
not rapid enough to go to completion before the inception of 
the second phase change or because this first transformation is 
not completed along the single-shock H ugoniot. The apparent 
observation of shock-induced disproportionment implies that 
chemical disproportionment can occur within the microsecond 
time scale of shock experiments. 
Finally, with regard to impact effects on ilmenite we have 
carried out a simple waste heat calculation of the postshock 
temperature achieved by ilmenite shock perpendicular to the c 
axis (Table 3). These values were calculated upon fitting the 
three data points below 315 kbar (and the zero-pressure point) 
to a Birch-Murnaghan equation which yields an apparent bulk 
modulus K = 2.3 Mbar with an assumed value of (dK/dP) = 4. 
The temperature increases calculated are considerably below 
those required for melting (1470øC). 
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